Whole-cell Ca'+ channel currents in rabbit portal vein cells were recorded using the amphotericin B-perforated patch-clamp technique at 35°C. This technique allowed recording of stable inward currents in the absence of run-down for more than 30 minutes. Depolarizing voltage steps from a holding potential of -70 mV elicited voltage-dependent inward currents. The voltage dependence of inward currents measured in either 2.5 mmol/L Ba`+-or 2.5 mmol/L Ca'+-containing solution were very similar.
However, maximum Ba2+ current (obtained at around +10 mV) was approximately 1.5-fold larger than maximum Ca2' current. Changing the holding potential from -70 to -40 mV decreased inward currents but did not shift the voltage dependence significantly. Inward currents were also completely blocked by the dihydropyridine Ca2`channel blocker, nicardipine (10 ,umol/L), suggesting the presence of predominantly L-type Ca2' channels in rabbit portal vein cells. Isoproterenol caused small increases in the amplitude of Ba`+ currents in a concentration-dependent manner (10 nmol/L to 1 ,mol/L), which were reversed with propranolol. Forskolin (1 gmol/L) or 8-bromo-cAMP (0.1 mmol/L) also caused small increases in the amplitude of Ba2+ currents, suggesting that the stimulatory actions of isoproterenol are importantly linked to the production of cAMP. Higher concentrations of isoproterenol (10 ,umol/L) or forskolin (10 ,umol/L) caused a transient increase in Ba2+ currents followed by a decrease in current amplitude. Higher doses of 8-bromo-cAMP (1 mmol/L) and low doses of 8-bromo-cGMP (0.1 mmol/L) inhibited Ba 2+ currents, increased the rate of current inactivation, and produced a negative voltage shift in steady-state availability. These results indicate that low concentrations of intracellular cAMP produce modest increases in Ca 2+ channel activity, whereas cGMP and higher concentrations of cAMP result in inhibition of Ca2+ channel activity in vascular smooth muscle cells. The observed similarities of cGMP and high concentrations of cAMP on Ba 2+ current amplitude, kinetics, and steady-state inactivation suggest mediation by a common mechanism, possibly involving activation of cGMP-dependent protein kinase. (Circ Res. 1993;73:1128-1137.) KEYWORDS * rabbit portal vein * isoproterenol * forskolin * 8-bromo-cAMP * 8-bromo-cGMP V oltage-dependent Ca2' channels are involved in excitation-contraction coupling in vascular smooth muscle. 12 The activity of these channels can be modulated indirectly by changes in membrane potential or more directly through the actions of agonist. Various solution. Both I-V curves had a single peak without a secondary "hump."
The voltage dependence of steady-state inactivation of ICa was studied in 2.5 mmol/L Ba2+ solution using a double-pulse protocol. From a holding potential of -70 mV, hyperpolarizing and depolarizing conditioning voltage steps ranging from -100 to +30 mV were first applied for a duration of 2 seconds. After a 20-millisecond interpulse interval at a potential of -70 mV, a 200-millisecond test pulse to 0 mV was applied. -20, -10 , and 0 mV from holding potentials of -70 and -40 mV. The amplitude of currents from -70 mV was larger than those from -40 mV, and clear differences in the time course between them was observed; the inactivation of currents from -70 mV was faster than that from -40 mV. However, the threshold for activation and the maximum current were observed at about the same voltage, independent of the holding potential (Fig 2A,  graph c (Fig 3B) , suggesting that the response to ISO was mediated through ,B-adrenergic receptors. An increase of inward currents by ISO was observed over the whole range of depolarizing pulses (from -20 to +50 mV), but the level at which currents could be detected (around -30 mV) and the potential at which maximum current was observed (between 0 and + 10 mV) remained the same (Fig 3C) . The effect of ISO was relatively quick in onset and reversible. Current amplitude began to increase within 30 seconds to 1 minute after ISO-containing solution first entered the bath, and the current returned to the control level within 10 minutes after washout (Fig 3C) . Fig 4C Fig 5A) , the effect of 10 ,umol/L ISO was not sustained; after reaching maximum response, the current gradually declined to levels lower than the control level. In the presence of 10 ,umol/L propranolol, 10 ,umol/L ISO caused only a slight increase in Ba2c urrents (Fig 5C and 5E) , suggesting that the inhibitory action of 10 ,umol/L ISO was also mediated through ,B-adrenergic receptors. The inhibition of inward currents by 10 ,umol/L ISO was accompanied by an apparent acceleration of the rate of inactivation (Fig 5F) constant and the slower time constant were significantly reduced by 10 ,umol/L ISO (Table) . Similar results were obtained with high concentration of FSK (10 ,tmol/L) ( Fig 5D and 5G , Table) . Little is known about the actions of another important cyclic nucleotide, cGMP, on ICa in vascular smooth muscle cells. In the present study, we also investigated the effects of 8-bromo-cGMP on Ba`currents in rabbit portal vein cells. A typical response to 0.1 mmol/L 8-bromo-cGMP is shown in Fig 6B. The effects of 8-bromo-cGMP on inward currents were very similar to the effects of high concentrations of ISO and 8-bromocAMP. 8-Bromo-cGMP significantly reduced Ba2+ currents in 12 of 15 cells tested, with no detectable shift along the voltage axis of the I-V relation (Fig 6B) . This analogue also increased the rate of inactivation of currents (Table) . The influence of 8-bromo-cAMP and 8-bromo-cGMP on steady-state inactivation of Ba2 currents was also examined. As shown in Fig 7A, 0. 1 mmol/L 8-bromo-cAMP did not affect steady-state inactivation. However, 1 mmol/L 8-bromo-cAMP shifted the steady-state inactivation relation for inward currents toward more negative potentials. 8-Bromo-cGMP (0.1 mmol/L) also shifted the inactivation relation in the same direction (Fig 7B) . These results suggest that the inhibitory effects of high concentrations of ISO, FSK, and 8-bromo-cAMP on Ba2+ currents are similar to those produced by 8-bromo-cGMP. These similarities include reduction of Ba-2 current amplitude. acceleration of current inactivation, and a negative voltage shift in Ba2`current steady-state availability. Discussion Activation of adenylate cyclase has been implicated in the actions of a number of different vasodilatory substances that relax vascular smooth muscles, including adenosine A2 receptor stimulants,29 ,B-adrenergic receptor stimulants,30 and calcitonin gene-related peptide.31 Numerous studies have investigated the relation of the cAMP pathway to Ca 2+ sequestration and changes in myofilament sensitivity to Ca2±.32,33 However, the effects of cAMP on smooth muscle Ca' channels is controversial. The results of the present study suggest that under physiological conditions a moderate rise in intracellular cAMP levels leads to a small enhancement of inward current, whereas higher levels of intracellular cAMP lead to inhibition of inward current. The inhibitory effects of higher concentrations of cAMP were mimicked by cGMP.
Effects of Cyclic Nucleotide
Using the perforated patch technique, we found that ISO (0.01 to 1 ,£mol/L) produced a small increase in the amplitude of Ba`currents. This effect was mediated through f8-adrenergic receptors, since it was blocked by kinase-mediated mechanism. Thus, in primary cultured cells the G kinase mechanism predominated, and in passaged cells the A kinase-mediated mechanism predominated. All of the above studies therefore implicate an action of cAMP on G kinase and, together with the present study, support the hypothesis that high levels of cAMP in freshly dispersed portal vein cells may activate G kinase, leading to a decrease in Ca21 channel activity.
The degree of enhancement of Ba`currents that was observed with ISO in the present study (ie, 50% for 1 ,umol/L ISO) is smaller than that previously reported for cardiac myocytes (sixfold by 0.5 .mol/L ISO35 and fourfold by 1 ,umol/L IS036). The cAMP-dependent enhancement of Ca 2+ currents observed in cardiac muscle cells is directly related to the well-known inotropic effects of 13-adrenergic [49] [50] [51] It is possible that one or more of these conductances is modified when Ca2+ current is enhanced by cAMP-dependent mechanisms. Whether this effect would contribute to or limit vasodilatation depends on which conductance changes predominate.
